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Summary
Background: Electrical stimulation of the intact (unsectioned) cervical vagus in rabbits
frequently provokes ventricular tachyarrhythmias that are often accompanied by mitral regur-
gitation. Unique pathological lesions often arise on the mitral valve, papillary muscles, and
mitral annulus (mitral complex), the latter two of which become swollen and stiffened. These
lesions are reversible in nature. Previous studies have essentially ignored the basal portion
except for the mitral annulus. Therefore, the present study examined pathological lesions on
the left ventricular basal portion in rabbits.
Methods: The intact right vagal nerves of 20 anesthetized rabbits were repeatedly electrically
stimulated under electrocardiographic monitoring. Colloidal carbon (lml) was injected intra-
venously immediately after the end of the stimulation and all animals were killed 1 week later.
entiﬁed as carbon deposits visible at gross examination.Pathological lesions were id
Results: Ventricular bigeminy was induced after vagal stimulation in 15 (75%) of the 20 rabbits.
Pathological lesions were evident on the basal portion in 16 (80%) and on the mitral valve
and papillary muscles of 15 (75%) of the 20 rabbits. Ventricular bigeminy was closely associated
with the development of the pathological lesions, which were rarely observed on the ventricular
apex.
∗ Corresponding author. Tel.: +81 03 3201 6781; fax: +81 03 3201 6881.
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Conclusion: Cardiomyopathic lesions involving the basal portion and mitral complex were fre-
quently induced in rabbits by vagal stimulation. These lesions bear a close similarity in distribution
Takotsubo cardiomyopathy.
ardiology. Published by Elsevier Ireland Ltd. All rights reserved.
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only one or two segments were deﬁned as partial lesions
(Figs. 2 and 3). The involved basal portion and papillaryand reversibility to inverted
© 2010 Japanese College of C
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nterest in arrhythmia-induced cardiomyopathy has recently
ncreased. Persistent supraventricular or ventricular tachy-
ardias can induce reversible cardiac lesions known as
achycardia-induced cardiomyopathy [1,2] and frequent
entricular premature contractions (VPCs) can induce
eversible cardiac lesions [3—6]. A series of experimental
tudies using rabbits at our laboratory has shown that
epeated electrical stimulation of the intact vagus fre-
uently provokes ventricular tachyarrhythmias that are
ften followed by transient mitral regurgitation and the
evelopment of unique pathological lesions on the mitral
omplex. The involved papillary muscles and mitral annulus
ecome swollen and stiffened [7—11]. These lesions are
eversible in nature [12,13]. The distribution of these
esions differs considerably from that of tachycardia-
nduced cardiomyopathy, which involves all cardiac
hambers [1].
We previously observed lesions predominantly on the
itral complex and hardly examined those on the basal por-
ion except for the mitral annulus. Therefore, the present
tudy examines pathological lesions that develop on the
asal portion of the left ventricles upon electrical stimu-
ation of the intact vagus in rabbits.
aterials and methods
ur institutional Animal Care Committee approved the
tudy protocol. The experimental procedures have already
een described elsewhere [7—13]. In brief, 20 fasting
emale rabbits weighing about 2 kg were anesthetized using
ntravenous pentobarbital sodium (20mg/kg). Electrical
timulations of 50Hz and lms duration with stepwise voltage
ncreases from 0.1 to 1.0 volt were applied to the right cer-
ical intact vagus of the rabbits under electrocardiographic
onitoring. Each stimulation was maintained for 1—2min
ith pauses for 2—3min between each for a period of about
h. Mitral regurgitation before and after the procedures was
xamined using a stethoscope and color Doppler echocardio-
raphy. In rabbits, signals of mitral regurgitation were never
bserved in the late systolic period before vagal stimulation.
herefore, signiﬁcant mitral regurgitation was deﬁned as
ny signal of mitral regurgitation in the late systolic period
n color Doppler images. We always compared the color
oppler echocardiogram after vagal stimulation with that
efore vagal stimulation. Systolic regurgitant murmur was
requently heard when mitral regurgitation was observed.
nesthesia was maintained at a level that was light enough
o allow regular spontaneous respiration. Immediately after
ompleting the vagal stimulation, lml of colloidal car-
on (Sho-eki, Kaimei, Saitama, Japan) was injected via a
arginal ear vein to detect cardiac lesions later at autopsy.
m
t
i
p
ihis procedure can detect tissue damage with increased
ascular permeability induced by mechanical or inﬂamma-
ory processes [14]. Injected colloidal carbon particles were
apidly taken up by the reticuloendothelial system within
everal hours. Carbon deposits on damaged tissues were
bvious at gross examination.
All animals were killed by sectioning the abdominal aorta
nder anesthesia 1 week after vagal stimulation and then the
earts were removed. The endocardial surfaces of the left
entricles were exposed by longitudinal section through the
ortic oriﬁce and observed at gross examination. The hearts
ere ﬁxed in 10% formalin for microscopic examination.
The statistical signiﬁcance of changes was analyzed using
he Fisher’s exact probability test.
esults
epeated electrical stimulations were applied to the intact
ight cervical vagus of 20 anesthetized rabbits under spon-
aneous respiration. The stimulation frequently induced
poradic VPCs and ventricular bigeminy lasting from a
ew seconds to about 1min, which was often followed
y transient mitral regurgitation. The VPCs were usu-
lly superimposed on subsequent P waves as the basal
eart rate increased to about 250—300 beats per minute
n anesthetized rabbits with pentobarbital sodium. Ven-
ricular bigeminy sometimes converted into non-sustained
onomorphic ventricular tachycardia consisting of from 4 to
ver 100 successive ventricular contractions (Fig. 1). Ven-
ricular bigeminy occurred during vagal stimulation in 15
75%) of 20 rabbits and non-sustained monomorphic ven-
ricular tachycardia developed in 5 (33%) of 15 rabbits
ith ventricular bigeminy. Neither VPCs nor non-sustained
onomorphic ventricular tachycardia converted into poly-
orphic ventricular tachycardia or ventricular ﬁbrillation.
ransient mitral regurgitation developed in 7 (35%) of the
0 rabbits.
All rabbits were killed 1 week after vagal stimulation.
nique pathological lesions were frequently identiﬁed as
arbon deposits on the basal portion, mitral valve, and
apillary muscles of the left ventricle but never on the api-
al area at gross examination. These pathological lesions
f the basal portion were divided into whole and partial
esions in this study. Lesions that involved all three segments
omprising the mitral annular, subaortic, and septal seg-
ent were deﬁned as whole lesions and those that involveduscles were swollen and very stiff. Microscopic examina-
ion revealed focal myocardial cell necrosis, disseminated
nterstitial ﬁbrosis, and colloid carbon deposits in the basal
ortion and involved papillary muscles (Fig. 4). These ﬁnd-
ngs were scarce in the apical area. Edematous changes in
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Figure 1 Typical electrocardiogram before (upper column) and during (middle and lower columns) continuous vagal stimulation.
No arrhythmias are evident before stimulation. Ventricular bigeminy that developed at 6 s after starting stimulation was converted
into non-sustained monomorphic ventricular tachycardia and then into ventricular bigeminy.
t ventricle. Pathological lesions identiﬁed as carbon deposits have
scles of left ventricle but never on apical area at gross examination.
iff. AO, aorta; PM, papillary muscle.
Table 1 Incidence of peculiar cardiac lesion in 20 animals
with vagal stimulation.
Lesions Incidence
Ventricular basal portion 16 (80%)Figure 2 Typical macroscopic ﬁndings of whole lesions in lef
developed on entire basal portion, mitral valve and papillary mu
Involved basal portion and papillary muscles are swollen and st
the mitral valve and hypereosinophilia of the myocytes were
also observed in the basal portion and involved papillary
muscles, although they are not shown in Fig. 4. Table 1 shows
the incidence of pathological lesions on each part of the left
ventricle. The lesions frequently developed on the basal por-
tion as well as on the mitral valve and papillary muscles.
Ventricular bigeminy and the unique lesions were closely
related. Typical lesions involved the basal portion, mitral
valve, and papillary muscles in 12 (80%) of the 15 animals
with ventricular bigeminy and in only 1 (20%) of 5 animals
without ventricular bigeminy. The incidence of lesions was
signiﬁcantly greater in animals with ventricular bigeminy
than in those without ventricular bigeminy (p < 0.04). How-
Whole lesions 8 (40%)
Partial lesions 8 (40%)
Mitral valve and papillary muscles 15 (75%)
Apical area 0 (0%)
88 T. Takato et al.
Figure 3 Typical macroscopic ﬁndings of partial lesions in left ventricle. Pathological lesions identiﬁed by carbon deposits on
partial basal portion (subaortic lesion and part of mitral annulus). AO, aorta; PM, papillary muscle.
Figure 4 Microscopic examination shows focal myocardial cell necrosis, disseminated interstitial ﬁbrosis and colloid carbon
d les.
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Deposits (arrows) in involved basal portion and papillary musc
richrome stain).
ver, we identiﬁed some discordance between ventricular
igeminy and pathological lesions in a few rabbits. The
esions were not found in two rabbits that developed ventric-
lar bigeminy during vagal stimulation. On the other hand,
hese lesions developed only on the basal portion in four
abbits and only on the mitral complex in one that had
eveloped sporadic VPCs without bigeminal rhythm.
T
t
d
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lSuch pathological ﬁndings are scarce in apical area (Masson-
iscussionhe present study demonstrated that ventricular
achyarrhythmia-related pathological lesions frequently
eveloped on the basal portion as well as on the mitral
alve and papillary muscles in rabbits after vagal stimu-
ation. The unique distribution of these lesions involving
s
d
a
o
c
c
m
h
i
W
o
a
l
f
c
e
b
b
m
t
q
a
a
p
t
u
q
i
e
o
d
l
c
s
t
v
p
d
h
d
p
i
o
c
o
i
d
t
c
s
i
i
cBasal cardiomyopathy with vagal stimulation
the basal portion but not the apical area implies that
they can serve as a novel experimental model of basal
cardiomyopathy. The cardiac lesions without involvement
of the apical area in the rabbits were somewhat similar
to inverted Takotsubo cardiomyopathy in humans [15—18]
with respect to the following three points. The ﬁrst is that
the apical area remained free of lesions in the rabbits, as
it does in human inverted Takotsubo cardiomyopathy. The
second is the reversibility of the lesions: both inverted
and regular Takotsubo cardiomyopathy are reversible
[17,18]. The cardiac lesions in the present experimental
animals were not progressive and were rather regressive.
We previously reported that the hydroxyproline content
of the left ventricular basal portion 1 week after vagal
stimulation was signiﬁcantly increased compared with that
in control animals, and that the hydroxyproline content
of the left ventricular basal portion 4 weeks after vagal
stimulation was signiﬁcantly decreased compared with that
1 week after stimulation [12]. Immunohistochemical stains
also indicated that the increased type III collagen in the
periannular tissue at 1 week after vagal stimulation clearly
regressed in 4 weeks. We also reported that swelling and
stiffness of mitral ring and papillary muscle improved 3
or 4 weeks after vagal stimulation using Doppler echocar-
diography and autopsy [13]. In the present study, we did
not evaluate cardiac function, but we are now measuring
cardiac function before, and 1, 2, 4, 6, and 8 weeks after
vagal stimulation using tissue Doppler echocardiography.
The third is involvement of neurogenic mechanisms in the
pathogenesis of cardiac lesions. Stress and catecholamines
might be pathogenetic factors involved in inverted Takot-
subo cardiomyopathy [19,20]. One case report described
a patient with subarachnoid hemorrhage complicated with
inverted Takotsubo cardiomyopathy-like dysfunction and
functional mitral regurgitation [21]. Of course, the cardiac
lesions in the experimental animals developed based on
a neurogenic mechanism initiated by vagal stimulation. In
the present study, we stimulated the intact (both afferent
and efferent) vagus. Stimulation of the intact vagus may
cause reﬂex sympathetic nerve stimulation. We will present
a study in the future that stimulation of only afferent vagus
causes similar cardiac lesions as stimulation of the intact
vagus. We previously reported that injection of adrenaline
or noradrenaline in rabbit made similar cardiac basal lesion
as vagal stimulation, but injection of isoproterenol did not
[22]. We also reported that -adrenergic blockade reduced
the development of the adrenaline-induced cardiac basal
lesion, but -adrenergic blockade did not [23]. On the other
hand, the two conditions differ somewhat. The ﬁrst is the
role of arrhythmias. Although the development of cardiac
lesions in the rabbits was closely associated with ventricular
tachyarrhythmias, inverted Takotsubo cardiomyopathy does
not seem to involve arrhythmia. However, the possibility
that arrhythmias of short duration develop under stress
and excessive catecholamine release in patients with
inverted Takotsubo cardiomyopathy cannot be ruled out.
The second dissimilarity is complication with lesions of
the mitral complex. This complication has been identiﬁed
in patients with regular Takotsubo cardiomyopathy [24],
but not in those with the inverted type, except for one
case report [21]. The present study found that transient
mitral regurgitation lasted for a few days in a third of the
A
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timulated rabbits and that lesions of the mitral complex
eveloped in 75% of them. Transient mid-ventricular
kinesia has recently been described as a variant form
f Takotsubo cardiomyopathy [25,26]. Inverted Takotsubo
ardiomyopathy might also be a variant of Takotsubo
ardiomyopathy that develops due to a common underlying
echanism.
The underlying mechanisms of the unique cardiac lesions
ave already been discussed [8,27]. In brief, we gained crit-
cal information at autopsy 1 h after vagal stimulation [27].
idespread fresh punctuate bleeding was evident on leaﬂets
f the mitral valve, papillary muscles, and mitral annulus
lmost exclusively in animals that had developed ventricu-
ar bigeminy during vagal stimulation. As the distribution of
resh bleeding was exactly the same as that of the unique
ardiac lesions, we recognized fresh bleeding as one of the
arliest precursors of these lesions. The fact that the fresh
leeding occurred exclusively in animals with ventricular
igeminy supports the notion that it is a result of abnor-
al mechanical stress induced by repeated VPCs of a type
hat can be characterized as being superimposed on subse-
uent P waves. When VPCs occur on P waves, distorted atrial
nd ventricular contraction can provide abnormal tension
gainst the mitral portion, papillary muscles, and the basal
ortion.
Spontaneous VPCs occasionally develop in supine anes-
hetized rabbits, probably because this position is extremely
nnatural for these animals. Unique cardiac lesions fre-
uently occurred in rabbits with spontaneous VPCs as well as
n those with VPCs induced by vagal stimulation [28]. How-
ver, VPCs do not always induce such lesions. The incidence
f unique lesions profoundly differed among animals that
evelop VPCs induced by vagal stimulation, or by right and
eft ventricular pacing [28,29]. The highest rate of unique
ardiac lesions was generated by VPCs induced by vagal
timulation followed by those induced by left and right ven-
ricular pacing in that order. Two of ﬁfteen animals with
entricular bigeminy did not develop these lesions in the
resent study. The development of these lesions might not
epend on quantity but rather on the quality of VPCs. We
ave reported [28,29] that the incidence of unique car-
iac lesions in animals with VPCs induced by left ventricular
acing was signiﬁcantly greater than in animals with VPCs
nduced by right ventricular pacing. Thus, it seems that the
rigin of VPCs is important. We have used sham-operated
ontrols in previous studies [19,29], but we did not use sham-
perated controls in the present study. We will use controls
n the future. This is an experimental limitation.
In conclusion, the present study demonstrates that car-
iac lesions related to ventricular arrhythmias involving
he basal portion, mitral valve, and papillary mus-
les but not the apex develop in rabbits with vagal
timulation. These lesions could serve as a novel exper-
mental model of basal cardiomyopathy with similarity
n distribution and reversibility to inverted Takotsubo
ardiomyopathy.cknowledgment
he authors appreciate Takako Yao for her technical assis-
ance.
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